Conventional agriculture has improved in crop yield but at large costs to the environment, particularly off-site pollution from mineral N fertilizers. In response to environmental concerns, organic agriculture has become an increasingly popular option. One component of organic agriculture that remains in question is whether it can reduce agricultural N losses to groundwater and the atmosphere relative to conventional agriculture. Here we report reduced N pollution from organic and integrated farming systems compared with a conventional farming system. We evaluated differences in denitrification potential and a suite of other soil biological and chemical properties in soil samples taken from organic, integrated, and conventional treatments in an experimental apple orchard. Organically farmed soils exhibited higher potential denitrification rates, greater denitrification efficiency, higher organic matter, and greater microbial activity than conventionally farmed soils. The observed differences in denitrifier function were then assessed under field conditions after fertilization. N2O emissions were not significantly different among treatments; however, N2 emissions were highest in organic plots. Annual nitrate leaching was 4.4 -5.6 times higher in conventional plots than in organic plots, with the integrated plots in between. This study demonstrates that organic and integrated fertilization practices support more active and efficient denitrifier communities, shift the balance of N2 emissions and nitrate losses, and reduce environmentally damaging nitrate losses. Although this study specifically examines a perennial orchard system, the ecological and biogeochemical processes we evaluated are present in all agroecosystems, and the reductions in nitrate loss in this study could also be achievable in other cropping systems.
T he intensification of agricultural production over the past 60 years and the subsequent increase in global synthetic N inputs have resulted in substantial N pollution and ecological damage (1) . The primary source of N pollution comes from N-based agricultural fertilizers, whose use is forecasted to double or almost triple by 2050 (2) . The application of N fertilizers has resulted in N leakage from agricultural systems into groundwater, rivers, coastal waters, and the atmosphere (3). Nitrate leaching and N 2 O emissions from agricultural soils are recognized as significant environmental threats by scientists, environmental groups, and agricultural policymakers (4, 5) .
Nitrate leaching and runoff into rivers and estuarine ecosystems are responsible for algal blooms and eutrophication and also pose a public health risk (6, 7) . For example, 9% of U.S. domestic wells sampled during 1993-2000 had nitrate concentrations exceeding the U.S. Environmental Protection Agency's (EPA) maximum contaminant level of 10 mg⅐liter Ϫ1 as N (8) . In the Yakima River Basin of Washington State, where this study was conducted, 13% of the samples taken from small-watershed sites exceeded the EPA's maximum contaminant level, indicating a potential health risk to nearby residents with shallow wells (9) . N 2 O, a greenhouse gas nearly 300 times more effective at radiative warming than carbon dioxide (10) , is produced mainly during the microbially mediated process of denitrification. There has been a marked increase in atmospheric N 2 O over the past 150 years, largely attributed to fertilized agriculture (11) . In most unmanaged systems, the majority of the gas produced during denitrification is fully reduced N 2 , a nonreactive and environmentally benign gas. However, a variable portion of the nitrate that enters the process will escape as N 2 O before being fully reduced. In agricultural systems N 2 O emissions are enhanced after fertilization (12) . The proportion of gas escaping as N 2 O [relative rate of N 2 O emissions (rN 2 O)] is highly dependent on environmental factors, with rN 2 O being lowest in high C environments (13, 14) .
Given the environmental problems associated with the production and use of synthetic fertilizer, there is a great need for researchers concerned with global climate change and nitrate pollution to evaluate reduction strategies (1, 3, 4) . Fertilization with organic wastes and composts is a means of recycling terrestrially available N, thereby reducing both N inputs to the biosphere and dependence on fossil fuels needed to produce synthetic fertilizers (15) . It has also been suggested that the use of organic fertilizers, alone or in combination with synthetic fertilizers, may mitigate N pollution from agricultural systems (16, 17) .
Here we investigate the role of the soil denitrifier community in mediating the magnitude and composition of gaseous N emissions and the relative balance of N losses through denitrification and leaching after fertilization in organic, integrated, and conventional apple orchards. For 9 years before this study, the organic system followed a regimen of organically certified practices, including the exclusion of synthetic agrochemicals, and the integrated system used a combination of organic and conventional fertilizers and techniques.
This study is unique because it compares denitrifier function in soils from organic, integrated, and conventional plots and then examines the field implications of observed functional differences after a fertilization experiment. Although numerous studies have compared N cycling in response to organic and synthetic fertilizer amendments (Table 4 , which is published as supporting information on the PNAS web site), none has simultaneously quantified gaseous and leaching N losses after fertilization to our knowledge. In addition, comparative fertilization studies are frequently complicated by differences in N input intensity among the systems. This study examines denitrification and leaching from organic, integrated, and conventional systems receiving the same amount of N inputs but in different forms.
Results and Discussion
Initially we compared a suite of fundamental ecological characteristics of the soils from the different treatment plots. Organically farmed soils had higher total N, organic matter content, microbial biomass C and N, nitrification potential, and L-asparaginase and ␤-glucosidase activity (enzymes indicative of microbial N and C cycling potential) compared with conventionally farmed soils (Table 1) . These data are in agreement with other studies that have demonstrated that organically farmed soils support more active microbial populations then their conventional counterparts (18) (19) (20) . Microbial activity and soil organic matter are important for soil nutrient cycling, a valuable ecosystem service (21) , particularly when external inputs are not reliably available. Increased microbial activity and soil organic matter in the organically farmed soils results from a combination of enhanced C inputs during fertilization and increased grass cover relative to the integrated and conventional systems where glyphosate was used to keep the tree strips clean.
We then analyzed differences in microbial community composition using phospholipid fatty acid (PLFA) analysis, a standard microbial technique that quantifies fatty acids from microbiol cell walls. This technique can be used in conjunction with principal-components analysis to visualize similarities and differences in microbial communities. We found significant compositional differences between the microbial communities in the organic, integrated, and conventional systems (Fig. 1) . The PLFA results indicate that the observed differences in microbial activity among the treatment soils may result from a combination of differences in microbial community size and composition.
As the primary biological source of gaseous N emissions, the denitrifier community is of particular significance for those interested in mitigating N pollution. We assessed differences in denitrifier activity and efficiency among the systems using a denitrification potential assay. When carbon, nitrate, oxygen, and pH were adjusted to ideal denitrification conditions in the laboratory, we found that denitrifying communities were more active (higher overall gas emissions, denitrification potential) and more efficient (lower potential rN 2 O) in the organically farmed soils than in the conventionally farmed soils, with the integrated resembling the conventional in terms of efficiency and falling between the two treatments in terms of activity (Table 1 ). In addition, when denitrification potential was normalized to microbial biomass by calculating the ratio, the organic treatment had the highest ratio of denitrification potential to microbial biomass ( Table 1 ), indicating that a higher proportion of the microbial community is able to denitrify in the organically farmed soils. Groffman and Tiedje (22) found that this ratio was a good predictor of annual denitrification N losses. In the field, differences in microbial function are mediated by environmental factors, and both activity and efficiency will vary in response to local conditions.
To examine field denitrification rates and their significance to overall N losses, we measured the relative magnitude of N losses as gaseous N 2 , N 2 O, and nitrate leaching for 1 month after fertilization in subplots in the experimental apple orchard. The conventional subplots were fertilized with Ca(NO 3 ) 2 ; the integrated subplots were fertilized with equal parts composted chicken manure and Ca(NO 3 ) 2 ; and in the organic plots two separate subplots were established to test two organic fertilizers: composted chicken manure and alfalfa meal. Nitrogen inputs were equal across treatments.
For the month after fall and spring fertilization, cumulative N 2 O emissions were roughly equivalent among the four fertilizer treatments and significantly above controls in the fall (Table 2 ) (for time series data see Figs. 4 and 5, which are published as supporting information on the PNAS web site). Nitrous oxide emission rates ranged from 1 to 9 ng of N 2 O-N cm Ϫ2 ⅐h Ϫ1 , higher Different superscript letters within rows indicate significant differences at the 0.05 level (least significant difference). MBC, microbial biomass carbon; DP, denitrification potential. *mg of C pcr kg of soil. † mg of N per kg of soil. ‡ g of NO 3 Ϫ per g of soil per h. § mg of N per g of soil per 2 h. ¶ mg of p-nitrophenol per g of soil per h. ʈ mol N2O ϩ N2 per h per g of soil. **mol of N2O per h per g of soil. Fig. 1 . PLFA analysis of soil samples from the organic, integrated, and conventional apple production systems. PLFA analysis, a standard microbial technique that can be used in conjunction with principal-components analysis to visualize similarities and differences in microbial communities, showed that there are significant differences between the microbial communities in the organic and the integrated and conventional systems. PLFA was performed in August 2002 on soils collected from 0-to 7.5-cm depth.
than observed rates in most unfertilized systems and similar to observed rates in most fertilized annual cropping systems (12, 23) (for comparison to other systems see Table 5 , which is published as supporting information on the PNAS web site). Overall N 2 O losses in the month after fertilization were Ͻ1% of the applied fertilizer N in both the fall and the spring.
On Nov. 16, 2002, and May 19, 2003, N 2 and N 2 O emission rates were simultaneously assessed by using intact cores and acetylene to determine whether soils receiving organic fertilizer amendments showed enhanced N 2 emission rates. N 2 loss rates were significantly higher from both organic treatments compared with the conventional treatment on both dates, mirroring the differences in function seen in the laboratory. Rates of N 2 O emissions were similar among all four fertilizer treatments on both dates, implying enhanced denitrification efficiency in the organic and, to a lesser extent, the integrated treatments relative to the conventional ( Fig. 2 and Table 3 ). This difference in efficiency can be attributed to number of factors including (i) increased C inputs from grass roots and fertilizer in the organic treatments; (ii) higher soil C and N in the organic and integrated treatments than the conventional treatment; (iii) larger, more active microbial communities in the organic treatments; and (iv) the observed differences in the functioning of the denitrifier communities.
Nitrate leaching was determined by using ion exchange resin bags placed below the rooting zone. Cumulative nitrate leaching was highest from the conventionally fertilized treatment after spring fertilization, followed by the integrated and then the two organic treatments, where leaching rates were not significantly higher than controls. Spring nitrate losses were an order of All data were log-transformed for analysis. Significant differences at the 0.05 level (least significant difference) are indicated by different letters within rows. Fall and spring measurements of N 2O and nitrate teaching are for 1 month after fertilization. Table 3 for numeric values and statistical significance. magnitude higher than losses after fall fertilization (Table 2 ). This seasonal difference likely resulted from weekly irrigation during the growing season and from build-up of nitrate during the winter, when plant uptake was slow and rainfall was insignificant. Nitrate is a mobile anion that does not bind to soil particles. In this orchard nitrate leaching was highly correlated with soil nitrate pools that were significantly higher in the conventional treatment after fertilization (Fig. 3) . Increased water flow and increased mineralization of soil organic matter in response to warm soils during the spring and summer greatly increase the potential for nitrate leaching.
Resin bags remained in the soil for 1 year, allowing for comparison of annual relative nitrate losses. Differences among the treatments in nitrate leaching were most pronounced on an annual basis, with leaching from conventionally fertilized plots 4.4 and 5.6 times higher than that in the two organic treatments, with the integrated treatment in between (Table 2) . Lower annual nitrate leaching from the organic and integrated treatments can be explained by a combination of factors that resulted in reduced nitrate levels in the organic treatments and, to a lesser extent, the integrated treatment relative to the conventional treatment. Most importantly, the conventional treatment was fertilized with Ca(NO 3 ) 2 , whereas the majority of the N applied to the organic treatments and some of the N applied to the integrated treatment during fertilization was incorporated in organic matter, which must be mineralized and nitrified before contributing to the soil nitrate pool. Another factor reducing nitrate losses from the organic treatments was increased denitrification that enhanced gaseous N losses. Although increased grass cover can also reduce leaching losses, the similar amounts of nitrate leached from the control plots (no fertilizer added) in all three treatments (Table 2) indicate that the greater grass cover in organic treatments did not significantly influence nitrate losses.
We determined a conservative range for nitrate leaching rates based on the assumption that the 1-cm 2 resin bag absorbed nitrate from a soil column not Ͼ10 cm 2 and not Ͻ1 cm 2 . Leaching rates in the conventional treatment were of similar magnitude to N 2 emissions rates in either of the two organic treatments at spring sampling (Fig. 2) . In this orchard, organic fertilization practices shift the relative balance of gaseous and leaching losses such that proportionately more N is lost as N 2 from the organically farmed soils and as leachate from the conventionally farmed soils.
This study does not establish a direct causal link between enhanced gas emissions and reduced leaching. However, when gas emissions are high as on May 19, 2003 , when denitrification as N 2 losses in the organic treatments were equal to 42% of the soil nitrate pool (Table 3) , denitrifiers can effectively reduce the amount of nitrate in the soil profile susceptible to leaching. Given the significant correlation (P Ͻ 0.0001) between the soil nitrate pool and daily nitrate leaching rates on Nov. 16, 2002 , and May 19, 2003 (Fig. 3) , a substantial reduction in the soil nitrate pool would be expected to reduce nitrate leaching. It is also notable that enhanced gas emissions in the organic treatments occur without a problematic increase in N 2 O emissions.
The notion that enhanced gaseous losses may reduce leaching losses is not new. Strategies aimed at mitigation of nitrate leaching often involve the use of wetlands, where rapid denitrification prevents excess nitrate losses, thereby protecting surface water and aquifers (24) . Denitrifiers provide an important ecosystem service by removing excess nitrate from terrestrial and aquatic ecosystems (21) . Our results suggest that organic, and to a lesser extent integrated, management practices can foster active and efficient denitrifier communities, thereby serving a similar purpose on working farmlands. All loss rates are expressed in ng of N per cm 2 per h. Soil nitrate is expressed as kg͞ha N (for mean daily nitrate pools for 1 month after fall and spring fertilizations see Fig. 7 , which is published as supporting information on the PNAS web site). Nitrate leaching rates are based on the assumption that the 1-cm 2 resin bag absorbed nitrate from a soil column not Ͼ10 cm 2 and not Ͻ1 cm 2 , giving a range for nitrate leaching. The values shown are the average of minimum and maximum leaching rates. All data were log-transformed for analysis. Different superscript letters within rows represent significant differences at P Ͻ 0.05 (least significant difference). Although not the focus of this study, crop yield is a primary concern for farmers. We assessed crop N status by evaluating leaf N levels at harvest. All four subplot fertilization treatments resulted in statistically similar leaf N levels (Table 2) , which were within the critical nutrient range for optimal fruit growth and productivity (25) , indicating that organic fertilization, alone or in combination with synthetic fertilizers, may provide a viable alternative to conventional fertilization practices. These results are supported by previous research, which showed that the three apple production systems, when receiving the same amount of N fertilizer, had similar cumulative yields in the first 6 years of the study (18) .
Conclusions
This study is significant in that it examines both N 2 O and N 2 emissions in the lab and in the field. Although several field studies have compared both gaseous loss pathways after inputs of organic or mineral fertilizer, none has examined the implications of enhanced N 2 from organic systems for nitrate leaching or overall agricultural N pollution to our knowledge. Most comparative studies of N losses from organic and conventional systems are complicated by differences in N application rates and timing among treatments (26) ( Table 4 ). In our study equal amounts of N were simultaneously applied in different forms to each of the treatments. The study was designed to highlight the ecological mechanisms that underlie agricultural N losses from different management systems. Although the mechanisms and processes described in this study are ubiquitous in agroecosystems, actual N losses from organic and conventional farms will vary depending on the specific management and ecology of the system.
The results of our study indicate that use of organic fertilizers in orchards significantly reduces harmful nitrate leaching and enhances denitrifier activity and efficiency. The microbial processes described in these Washington apple orchards operate in all soil ecosystems, and, as such, the observed reductions in environmentally damaging nitrate losses are theoretically achievable in other cropping systems, such as vegetable and grain systems, where denitrifier activity is enhanced through C inputs as organic fertilizers, crop residues, or root exudates from cover crops.
Given the problems associated with global N enrichment caused by agricultural practices, the observed reduction in environmentally damaging nitrate losses from the organic and integrated systems in this study is of important practical significance for both public health and the environment. It is critical for scientists, farmers, and policymakers interested in addressing N pollution problems to look for agricultural systems where reduction in synthetic fertilizer use is possible. Apples and other high-value perennial food crops, which constitute Ϸ21% of the total value of U.S. food crops (27) , are good candidates for consideration because of their reduced N demand.
Materials and Methods
Study Area. The experimental site covered 1.7 hectares (ha) of four replicate plots for each of three apple production systems in a randomized complete block design. The organic treatment followed the U.S. Department of Agriculture National Organic Program (www.ams.usda.gov͞nop͞NOP͞NOPhomeNetscape.html, accessed November 6, 2005) and the Washington State Department of Agriculture Organic Food Program (http:͞͞agr.wa.gov͞ FoodAnimal͞Organic͞default.htm#OrganicFoodProgram, accessed November 6, 2005) certification guidelines. The conventional treatment followed practices reflecting the management of typical conventional, commercial apple orchards in Washington State. The integrated treatment combined soil, horticultural, and pest management practices from the organic and conventional systems. Details of the experimental design and farming practices are described elsewhere (18, 19) . Details of fertilizer management between 1994 and 2003 are shown in Table 6 , which is published as supporting information on the PNAS web site.
Soil Analyses. On Aug. 10, 2002, we collected soil samples (0-to 7.5-cm depth) from the 12 organic, integrated, and conventional plots and analyzed them in the laboratory within 3 days for potential denitrification, potential N 2 O fluxes, and rN 2 O by using the soil slurry method described by Cavigelli and Robertson (28) . Nitrification potential was assessed by using the method described by Hart et al. (29) . Potential assays were used to measure microbial function independent of environmental variability among the treatment soils and can be viewed as a long-term, integrative product of multiple physical and biological factors. We analyzed L-asparaginase and ␤-glucosidase as described by Tabatabai (30) . PLFA analysis was performed according to the techniques described by Bossio et al. (31) . Details of analytical procedures for soil organic matter, total N, microbial biomass C and N, and mineralizable N are described elsewhere (19) .
Fertilization Subplots. Fertilizer recommendations and timing were determined in cooperation with apple orchard managers and professional horticultural consultants in the region to ensure that input rates were reasonably representative of farmer practices. Within each of the 12 plots of the experimental orchard, three 4-m 2 subplots were established and fertilized in different forms according to farm management system at a rate of 67.3 kg⅐ ha Ϫ1 N on Oct. 22, 2002 , and 44.9 kg⅐ha Ϫ1 N on May 1, 2003 (Fig.  6 , which is published as supporting information on the PNAS web site). These split application rates are typical for young grafted trees in the Yakima Valley area, where the experimental orchard was located. The conventional subplots were fertilized with Ca(NO 3 ) 2 ; the integrated subplots were fertilized with equal parts composted chicken manure and Ca(NO 3 ) 2 ; and in the organic plots two separate subplots were established to test two organic fertilizers: composted chicken manure and alfalfa meal. Nitrogen inputs were held constant across treatments to facilitate a mechanistic interpretation of the results without the added complication of differences in input intensity. One unfertilized control subplot was also established in each of the 12 plots to determine baseline N cycling data.
Nitrogen Loss Measurements. We installed cation-anion exchange resin bags at 100-cm depths to estimate relative nitrate mobility in the soil profile as a proxy for nitrate leaching. Nitrate at 100-cm soil depth was used as an estimate of leaching because this depth was below most roots of the trees in the orchard. After removal, we returned resin bags to the laboratory and extracted nitrate by shaking bags in 50 ml of 2 M KCl. We analyzed KCl extracts for inorganic N by using an Alpkem RFA͞2. Resin bags remained in the soil from Oct. 19 (12) . After removal of the chamber lid, soil temperature was measured and one soil core (0-15 cm) was removed from within the plot for analysis of inorganic N and soil moisture. Inorganic N was immediately extracted from the soil cores by placing a 10-g subsample of soil in 100 ml of 2 M KCl, shaking for 1 min, and then allowing to equilibrate overnight. The supernatant was removed and stored at 4°C until analysis by using an Alpkem RFA͞2. Soil moisture was determined by taking a 10-g subsample from each core, weighing it fresh, and then drying it at 105°C for 2 days before reweighing it to determine gravimetric water content. Cumulative N 2 O emis-sions in the month after fertilization were calculated by extrapolating measured rates during periods between sampling dates.
Overall denitrification and rN 2 O were assessed according to Mosier and Klemedtsson (32) by using structurally intact paired cores on Nov. 16, 2002, and May 19, 2003 . Two intact cores (0-15 cm) were obtained from each plot, and cores were immediately sealed with a septum-fitted lid for gas analysis. Within 2 h of collection, jars were flushed with air to remove any N 2 O accumulated, and then one of the cores from each ring site was injected with CaC 2 -generated acetylene to a final volume of 15-20% to block N 2 O reductase. The remaining cores were not treated with acetylene, so they could be used to assess N 2 O production and rN 2 O. Gas samples were collected at 2, 6, and 18 h and stored in Wheaton vials until analysis with a gas chromatograph.
To determine the relative magnitude of the different N loss pathways for the organic, integrated, and conventional plots, N loss rates on Nov. 16, 2002, and May 19, 2003 , were converted to ng of N cm Ϫ2 ⅐h Ϫ1 . Resin bags could not be used to precisely quantify nitrate leaching on a per-area basis because it was not possible to determine the exact diameter of the soil column that drains through the bag. For these calculations it was assumed that the 1-cm 2 resin bag absorbed resin from a soil column not Ͼ10 cm 2 and not Ͻ1 cm 2 , giving a range for nitrate leaching (minimum and maximum, respectively).
Leaf Nitrogen. We collected 20 leaf samples at harvest in August 2003 from each of 10 trees per treatment block. Leaves from each treatment were pooled, air-dried, ground up, and analyzed by using an elemental analyzer from Carlo Erba Instruments (Milan).
Statistical Analyses. Soil property, N loss, and leaf measurements for treatments were statistically analyzed by using SAS software (SAS Institute, Cary, NC) for a randomized complete block design. The least significant difference mean separation procedure was used to determine differences at the 0.05 level of significance.
